Transparent conductive electrodes are a critical component in optoelectronic applications such as displays, solar cells, and touch screens. 1 Traditionally, transparent conducting metal oxides (TCOs), such as indium tin oxide (ITO), the current commercial standard, and conductive polymers, are used. ITO is brittle and expensive, thus nanostructures, such as nanowires of silver, [2] [3] [4] [5] gold, 6, 7 and copper, 1, 2, [8] [9] [10] [11] are now being realized with higher performance and better mechanical stability than ITO 2,12,13 yet potentially with lower material and manufacturing costs. Copper exhibits poor environmental stability particularly at the nanoscale. Core-shell structures or ALD coatings of Cu nanostructures have demonstrated reduced oxidation, but the long term stability of exposed copper does not yet meet the standard for practical applications. 14, 15 "Covetics" are materials formed by the incorporation of high concentrations ($10 wt. %, $37 at. %) of nanoscale carbon in a metal matrix. 16 We report thin (10-30 nm) Cu covetic films with higher optical transparency and better electronic properties and higher environmental stability than Cu metal films of the same thickness.
Cu (99.99%) was converted to Cu covetic by adding 4 or 5 wt. % C (denoted Cu cv 4% (5%)) by Third Millennium Materials, LLC. The conversion process involves melting the metal and stirring in $5 wt. % (21.78 at.%) particles of activated carbon with diameter of 50 lm to the liquid metal in the presence of a high DC current. 17 Two deposition techniques were used to make transparent electrodes from Cu covetic: e-beam deposition and pulsed laser deposition (PLD). For e-beam deposition, bulk Cu cv 5% or pure Cu metal (0% C) was used as the target from which material was transferred into either Si (100) or glass substrate using a Denton e-beam evaporator with a base pressure of $5 Â 10 À6 Torr. A voltage of 8 kV and a current of 90-130 mA were applied, giving an evaporation rate of 0.2-0.3 nm/s. The substrates were kept at room temperature. Films with thicknesses of 10, 20, and 30 nm were deposited of Cu covetic and Cu (0% C) for comparison. For PLD, bulk Cu cv 4% was used as a target and material transferred into a thin film using a custom-built PLD system (Bluewave Semiconductor, Inc.) equipped with a frequency-doubled Quantel Brilliant B solidstate Nd:YAG pulsed laser (532 nm, 10 Hz, 2.3 W 6 0.5 W). 18 The chamber has a base pressure of $1 Â 10 À6 Torr. Evaporation took place in an Ar (99.9999%) atmosphere with 10 ppb O 2 and 20 ppb H 2 O at a pressure of 100 mTorr and substrate temperature of 150 C. The rotating target was ablated for 1 min prior to film deposition that lasted 60 min.
Bulk Cu covetic and pure Cu samples were polished for Scanning Electron Microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) in an iterative process using diamond paper starting from 30 lm and ending with 0.5 lm particle size. The samples were then sonicated first in acetone followed by isopropyl alcohol for 5 min each to remove any loose diamond particles that might be left from the polishing procedure. Samples were characterized using a Hitachi SU-70 field emission SEM with an energy dispersive x-ray spectrometer (EDS) Bruker Si drift detector (SDD) and spatial resolution of 1 nm. Lamellas for transmission electron microscopy (TEM) were prepared from the bulk samples by mechanical polishing followed by Ar þ ion milling and from the thin film samples by a Helios 550 FIB/SEM. The samples were plasma cleaned prior to TEM observation to remove organic surface contamination using a South Bay PC-2000 Plasma cleaner. TEM observation was carried out in a JEOL 2100F field emission TEM operated at 200 kV with a spherical aberration coefficient of C s ¼ 0.5 mm, point-point resolution of 0.19 nm and lattice resolution of 0.10 nm. X-ray powder diffraction (XRD) was obtained on a Bruker D8 Discover powder diffractometer using CuK a radiation from a sealed tube, G€ obbel mirror with 0.5 mm pinhole collimator, and Vantec500 area detector. Carbon content was estimated from XPS with Mg X-rays (1287 eV) using a Physical Electronics Model 5400 spectrometer. Survey spectra were collected at constant pass energy of 89.5 eV. Multiplex spectra were collected at constant pass energy of 35.8 eV and an electron takeoff angle of 45
. An area of 1.1 mm was analyzed by XPS. Depth profiling was done with 4 keV Ar-ions using a rastered area of 5 mm Â 5 mm with an estimated sputtering rate of $10.2 nm of Cu per minute. A Dimensions 3000 atomic force microscope (AFM) was used to characterize the surface roughness of the films.
Figure 1(a) shows the structure of bulk Cu cv 5%, where lattice structure nanocarbon with a modulation of $1.6 nm is observed along several crystallographic directions in the sample. The (0 11)-electron diffraction pattern from the area (Figure 1(b) ) presents weak satellite spots (marked by arrows), corresponding to the modulation observed in the high resolution TEM (HRTEM) image in Fig. 1(a) . This region of the sample contains a relatively high concentration of carbon of 7.4 6 0.8 wt. % (29.72 at. %) as measured by EDS (not shown) in the TEM and suggests that the carbon is incorporated into the copper lattice. Other areas of the sample showed lower concentration of C. In-situ TEM measurements have shown that it is possible for nucleation of carbon nanostructures to occur from the end faces of metal particles inside larger host tubes when multi-walled nanotubes containing encapsulated Co, Fe, FeCo, and Ni nanowires are irradiated with a strong electron beam. 19 It is thus likely that during the fabrication of covetics, the high electric current applied to the molten metal leads to self-organization, or self-assembly, of carbon nanostructures within the lattice of the metal. 20 XPS sputtering depth profile of a copper covetic sample with nominally 5 wt. % carbon exhibits 3.2 wt. % (15 at. % 6 4 wt.) (Figure 1(c) ). As expected, the XPS data show high carbon at the surface of the sample due to hydrocarbon contamination that tapers off to a consistent level ($15 at. %) within the bulk sample. The carbon content is not uniform throughout the bulk, so variations in the local carbon concentration are not unusual. This value is lower than the nominal 5 wt. % but is in agreement with SEM/EDS spectra (not shown) that measured 3.90 6 0.8 wt. % ($15.97 at. %).
AFM (not shown) of nominal e-beam deposited Cu cv 5% films on Si (100) using pieces of the bulk Cu cv 5% sample as target shows smooth surfaces, exhibiting an average RMS roughness of only 1 nm which can also be seen in the HRTEM image of Figure 2 (a) for an 18 nm thick Cu cv film. The XRD spectrum from this sample shown as inset to Fig.  2 (a) exhibits crystalline structure with Cu (111) preferred orientation. The crystalline grains form a columnar structure where the grains extend from the interface with the Si substrate to the film surface. No copper oxide or any of the allotropes of carbon are present in either TEM or XRD. XPS from these films, however, did not detect any C (at detectability limit of $0.1 at. %). Clearly, bulk covetic carbon structures cannot be transferred as-is to the thin film using e-beam evaporation. Since we could not obtain an accurate value of the C content (< 1 at. %) in the films we refer to the nominal concentration of the bulk Cu covetic target used for film deposition. Nevertheless, the presence of carbon in the copper matrix in the e-beam deposited films is evident by the improved properties compared to pure Cu films shown below. Figure 3(a) shows the transmittance of Cu covetic and Cu metal films, measured at wavelengths ranging from 250 to 1100 nm. The peak at $580 nm is due to the spectral nature of Cu. At this wavelength, the reflectance increases and absorbance decreases more significantly. Calculations by Ramirez-Porras and Vargas-Castro 21 for copper suggest that at long wavelengths free carrier absorption dominates, but this effect decreases with wavelength due to screening by free carriers, which increases the reflectance (decrease in transmittance). At short wavelengths, reflectance is low and absorption dominates due to excitation of d-electrons into the conduction band. The combined effect gives rise to a crossover with a maximum at $580 nm. This peak is also observed in the e-beam Cu cv 5% films. Remarkably, Cu cv 5% films are consistently more transparent than pure Cu films of the same thickness. Additionally, increasing the carbon content in the films increases transparency. Namely, a 20 nm film made by PLD from a nominally Cu cv 4% target has 1 wt. % (5 at. %) C content as measured by XPS ( Figure  2 (b) ). This film exhibits $90% transmittance over most of the wavelength tested (Figure 3(a) ); a 40% increase over the 20 nm film made by e-beam deposition. The greater transparency in the covetic films may be due to the filling of interstitial sites in the Cu lattice resulting in a lower reflection coefficient. It is also possible that the additional electrons from the incorporation of carbon atoms in the covetic films raise the Fermi level, blocking the optical transition and increasing the transmittance. In order to ascertain the electrical properties and stability of the Cu and e-beam Cu covetic films, contacts were made by painting silver stripes onto the samples. The films were kept in air at room temperature and periodic measurements of the resistivity of the films were taken to assess the progression of the electrical properties with time. Covetic films show a perpetually lower resistivity than pure copper films of the same thickness (Figure 3(b) ). The resistivity of the pure 10 and 20 nm Cu films degrades rapidly with time, while the 30 nm Cu film is stable over the time tested. The 20 and 30 nm covetic films are stable up to almost 80 days after deposition, but the resistivity of the 10 nm Cu covetic film increases fast with time although not as fast as the 10 nm Cu film. This is attributed to a 10% variation in thickness given by the RMS roughness of the 10 nm covetic film, which would significantly increase the surface area for oxidation and therefore degradation. The 20 and 30 nm Cu covetic films, in contrast, show very stable resistivity with time compared to the Cu films. The 20 nm covetic film also has relatively high transmittance above 50% at about 600 nm although it is lower for other wavelengths. The maximum transmittance of $65% for the e-beam films was achieved in the 10 nm Cu covetic film, as shown in Figure 3(a) . It is well known that nanostructures, such as graphene and CNTs, have high electron mobility; 22 however, highly conductive films formed from carbon nanostructures are obstructed by a high contact resistance at each CNT junction or through each graphitic plane. 11 Previous DFT calculations of the interface between graphene and metal substrates show that the electronic structure of graphene is preserved by weak adsorption on Cu substrates. 23, 24 In this work, we demonstrate the uniform integration of carbon nanostructures directly into the Cu lattice in Cu covetic. It is apparent that the high electron mobility of the graphitic structures that form in the Cu lattice enhances the charge transport in the covetic structure without being hindered by highly resistive sites typical of carbon nanostructure films.
For thin metal films, the relation between optical transmittance (T), and sheet resistance (R s ) can be modeled using the following equation:
The figure of merit is defined as the ratio (r) of the dc conductivity (r dc ) and the optical conductivity (r opt ). Cu covetic films demonstrate higher figure of merit than copper metal films, namely, r ¼ 59.05 and 101.5 for the 10 nm Cu and Cu covetic films, respectively (see inset to Fig. 3(b) ). The electrical degradation of copper films with time is due to the formation of an insulating oxide layer on the film surface as has been observed in Al films that were exposed to air. 25 Tian et al. 26 have shown that the presence of graphene on a Cu surface can be an impenetrable barrier against oxidation. Unfortunately, the bonding between graphene and the copper surface is via van-der Waals forces and, consequently, it is very weak. In contrast, carbon in Cu covetic films provides resistance to oxidation by forming a network throughout the copper lattice with a strong bond between the carbon and the copper atoms. An oxide layer still develops on Cu covetic films, but with a slower rate than pure metal. We believe that the PLD films with higher carbon content are more resistant to oxidation than the e-beam films. The higher transmittance, decrease in resistance, and enhanced environmental stability demonstrate that Cu covetic is a promising material for transparent conducting electrodes.
The ampacity, maximum allowed current, of the 20 nm Cu and Cu covetic films was estimated using Eq. (2) derived by D'Amore et al. 27 for transparent metal films
where I L is the film current-carrying limit, T e is the environmental temperature surrounding the conductor, d s , w, a s , and r s are the film's thickness, width, temperature coefficient of resistance, and the electrical conductivity measured at T e , respectively. The thermal limit is the maximum working temperature T s , below which the film integrity is not compromised. The conductivities of a 20 nm Cu metal (r Cu ¼ 1.74 Â 10 7 S/m) and Cu covetic (r covetic ¼ 1.77 Â 10 7 S/m) films were obtained from the sheet resistance. The temperature coefficient of resistance of Cu is a Cu ¼ 3.94 Â 10 À3 K
À1
. 28 a was determined for Cu covetic (Cu cv 3%) bulk sample using a Physical Property Measurement System (Quantum Design) with a temperature range from 1.5 K to 350 K. At room temperature, a covetic ¼ 3.825 Â 10 À3 K
. The coefficient h in Eq. (2) depends on factors including the thermal and dynamical properties of the fluid (air) and the geometrical configuration and heat absorption coefficient of the material sample. 27 In the case of natural convection, typical values of h range from 5 to 25 W/m 2 K. Figure 4 shows the current I L of the films on glass as a function
C. These data show that e-beam Cu cv 5% films have comparable or slightly higher ampacity than Cu metal films due to the presence of C in the film structure.
We have introduced copper covetic, a material that incorporates nanoscale carbon into the metallic structure of copper. Deposition of this material using e-beam deposition and PLD into a film on glass allows for the formation of a transparent conductor. Covetic films of comparable thickness have greater transparency, lower electrical resistivity, and greater stability when compared with pure copper films of the same thickness grown under the same conditions. e-beam copper covetic films of approximately 20 nm thick exhibit the best combination of electrical stability and transparency and show promise as a transparent conductive layer for many optoelectronic devices. We have also demonstrated that PLD films have higher C content in the film which gives rise to increased transparency. This work is a step forward in the development of a metal transparent conductor, which takes advantage of the high conductivity of copper, as well as nanocarbon species incorporated in the metal lattice. Future investigations on the effect of the carbon content on the properties of Cu covetic thin films are necessary to understand the role of carbon on the electrical and optical properties, as well as resistance to oxidation.
